The heavy-ion radiative capture reaction 12 C( 16 O,γ ) 28 Si has been studied at three energies E c.m. = 8.5, 8.8, and 9 MeV which are close to the Coulomb barrier. The weak radiative capture process has been identified by measuring the 28 Si recoils in the highly selective 0
I. INTRODUCTION
Clustering is a highly collective phenomenon which can occur at different scales of the physical world from astrophysical down to the subatomic level. For instance, galaxies evolving in clusters are held together by gravity and atoms can form robust systems of sizes larger than molecules, called fullerenes. Inside nuclear matter, clustering has been observed in several p-shell nuclei (Be, Li, 12−14 C, and 16 O) [1] . For these nuclei, the elementary substructure is the very stable α particle whose binding energy is large and the energy of its first excited state is 20.21 MeV. Numerous theoretical calculations reproduce the energies and spectroscopic properties of these states; they also predict new states built on heavier substructures for nuclei in the sd shell. Whereas the α particle is known to be the most important substructure for light nuclei, 12 C is expected to play the same role for sd-shell nuclei. Such a cluster structure is thus expected in 24 Mg( 12 C-12 C) and 28 Si( 12 C- 16 O). Concerning 28 Si, recent cluster calculations predict the emergence of such bands at different excitation energies with bound, quasibound or molecular structure [2] [3] [4] [5] . A possible unified description of 28 Si in terms of 24 Mg + α and 12 C + 16 O clustering has already been discussed some time ago in Ref. [6] . Cluster bands are obtained with 24 Mg + α substructure for the oblate ground-state (g.s.) band and for a quasibound band starting at higher excitation energy in * sandrine.courtin@iphc.cnrs.fr † florent.haas@iphc.cnrs.fr 28 Si. Three prolate deformed bands with, at least partially, 12 C- 16 O structure are also found: the first band is bound and corresponds well to the 28 Si known prolate band, starting at E(0 + 3 ) = 6.69 MeV, the second one is an unknown quasibound band, and the third band is a resonant one. This third band could explain the occurrence of the known narrow resonances in 12 C + 16 O which happen around the Coulomb barrier (CB) (E CB ∼ 7.9 MeV) and which are correlated in several fusion channels [7] [8] [9] . This band is predicted to start close to the CB and could also be related to the 12 C- 16 O breakup band measured in 28 Si by the CHARISSA Collaboration [10] . In that work, the breakup of 28 Si into 12 C + 16 O has been studied at excitation energies E * in 28 Si ranging from 28 to 50 MeV via the 12 C( 20 Ne, 12 C 16 O)α reaction. By measuring fragment-fragment angular correlations, the authors were able to deduce the spins of these breakup states. The corresponding spin systematics shows that the breakup states form a band with large moment of inertia, typically the same as for a highly deformed molecular structure. The bandhead and low-lying members of the breakup band should lie close to the CB, i.e., in the same 28 Si excitation energy region covered in our experiment. A complete understanding of the occurrence of the resonances at and below the CB in collisions between light heavy ions is important since such resonances, particularly strong in 12 C + 12 C, have been found in this system down to energies close to the Gamow window [11] . This has major consequences in extrapolating cross-section results down to the astrophysical energy region. Even if 24 Mg states based on 12 C substructures are predicted by microscopic [12] and semimicroscopic [13] cluster calculations in this energy range, 24 Mg heavy-ion RC was investigated close to the CB at the beginning of the 1980s [14] . Significant capture cross sections and narrow resonances in the partial decay cross sections through low-lying states were identified. To investigate the origin of this phenomena, three new experiments have been performed to measure the total RC cross section and the complete γ -decay pattern. The first experiment was performed with the Argonne Fragment Mass Analyzer (FMA), and the second with Gammasphere in Berkeley used in a calorimeter mode. Both experiments showed that part of the γ flux is mediated through medium excitation energy states in 24 Mg [15] . In order to measure with high statistics the complete γ decay of the RC, an experiment with similar setup to the one discussed in the present article was performed at TRIUMF (Vancouver) using DRAGON and its associated BGO array. The improvement of this experiment is that it enables selection of the RC recoil nuclei to get access to the full γ -decay pattern. This experiment shows that more than 50% of the γ flux is going through doorway states around 10 MeV in the compound 24 Mg nucleus [16] . The 12 C( 16 O,γ ) 28 Si heavy-ion RC reaction was also investigated close to the CB [14] . Similar to the 12 C + 12 C case, significant capture cross sections and narrow resonances in the partial cross sections through low-lying states have been identified. The phenomenon was then probed deeper by coupling the previously used large NaI γ detector with a Wien filter device to partially select the recoil nuclei [17] , allowing the observation for the first time of a 2-μb cross section through states around 7 MeV in 28 Si. This was interpreted by the authors in terms of the feeding of the 0 + and 2 + states of the prolate rotational band.
To validate the hypothesis of the molecular origin of the resonant phenomena and to locate eventual intermediate excitation energy states with a 12 C- 16 O substructure, it is of interest to find the γ link between the resonant band and the lower energy bands predicted. Measurement of the complete γ -decay pattern of the RC reaction is a unique way to probe the link between resonant cluster structure and bound or quasibound states. A resonance based on a molecular structure of the composite nucleus should exhibit enhanced E2 electromagnetic transitions to similarly deformed lower-lying states with 12 C- 16 O substructure. As the setup is identical to the one used for the 12 C( 12 C,γ ) 24 Mg experiment, this new set of data is complementary and provides the advantage of probing the 28 Si microlaboratory, where oblate, prolate, and octupole shapes coexist [18] . Indeed, in this nucleus, the 12 C- 16 O configuration has a weak overlap with the oblate g.s. band and a strong overlap with the prolate band, with both bands lying at relatively low excitation energy. The relative strength of all the decay paths of the RC can highlight in this system a cleaner view of the mechanism and structure effects 28 Si RC study, strong resonant structures were found in the decay to the 28 Si ground state and to the first excited state [14, 17] , between E c.m. = 6.5 and 12 MeV. We have chosen to revisit this reaction at two energies corresponding to maxima of the excitation function-at E c.m. = 8.5 and 9 MeV-and to a minimum at E c.m. = 8.8 MeV. These three bombarding energies correspond to excitation energies of the 28 Si CN of 25.3, 25.8, and 25.6 MeV, respectively. The aim of the experiment was to measure for the first time the full decay spectrum of the 12 C( 16 O,γ ) 28 Si reaction making use of the DRAGON 0
• spectrometer to select the 28 Si recoils at the focal plane. From an experimental point of view, such a measurement is very challenging due to the competition with fusion-evaporation channels. At the 12 Fig. 1 , and dominate the deexcitation process. The ratio between the fusion cross section and the RC cross section is expected to be around 10 5 , with fusion thus giving rise to the main part of the direct γ spectrum. This explains why the previous experiments [14, 17] did not have access to the complete γ spectrum and thus only measured the decay to the low-lying states of 28 Si. In this study, we have chosen to select the RC channel by measuring the compound nucleus recoils at 0
• and to record the coincident γ rays in a BGO scintillator γ array. To achieve this, a γ detector of high efficiency for γ energies between 1 and 25 MeV is needed, as well as a very efficient selection of the recoil nuclei around 0
• , i.e., with a beam rejection factor better than 10 12 . These requirements were fulfilled by the DRAGON spectrometer and its BGO array [19] situated at the TRIUMF Laboratory in Vancouver (Canada). The setup has been designed for 0
• RC experiments on light gas targets in inverse kinematics; the acceptance of the spectrometer is therefore not 100% for our heavy-ion radiative capture experiment. The DRAGON spectrometer has nevertheless allowed us to get a 10 13 rejection factor of the incident beam and to detect the recoil nuclei in a double-sided silicon strip detector (DSSSD) at the spectrometer focal plane. Details about the setup can be found in Ref. [19] . The BGO array around the target has been designed to be as efficient as possible with 30 detectors in a closed geometry covering 90% of 4π , leading to an efficiency of 30% for 10-MeV γ rays.
B. Experimental details
The experiment was performed at three 16 O beam energies, E Lab = 19.8, 20.5, and 21.0 MeV, with a typical current of 10 pnA. The choice of the bombarding energies is explained in the previous section. Three highly enriched (99.9%) 12 C thin targets of ∼40 μg/cm 2 thickness were used. The DRAGON gas-target system was replaced by a system to support solid targets. The relative thickness of the three targets used and the buildup of 12 C during the experiment have been carefully monitored by measuring the total γ flux in the BGO array. The thickness of the target has been monitored to ensure on-resonance results and the settings of the DRAGON spectrometer have been optimized accordingly. To limit the counting rate in the BGOs, the threshold of the BGO detectors was set to around 1.2 MeV, in order to be able to record the 28 Si 2
The use of the solid target system allowed the alteration of the beam pipe at the entrance of DRAGON to reach a 25 mrad acceptance of the spectrometer. In our case, the maximum angular spread was 33 mrad, which corresponds to a deviation of the recoils by high-energy γ rays of 25 MeV emitted at 90
• with respect to the beam axis. The limited acceptance of DRAGON, due to the specific γ decay of our reaction, implies to fully understand how the spectrometer filters the γ spectrum in coincidence with the recoil nuclei measured in the DSSSD. The specific setup of DRAGON will be presented in the following section. Limitations due to the nature of the γ rays emitted show that, to obtain quantitative results, a complete simulation of the BGO array and spectrometer has to be done to perform the data analysis.
C. Setting up DRAGON
In order to set up DRAGON, the beam is first bent by the first magnetic dipole to get an accurate measurement of the beam energy. Then the different fields are set in order to reach a 100% transmission of the beam down to the Faraday cup in front of the focal plane. A scaling procedure is then used to select 28 Si recoils with charge state q = 8. The optimal setup of the optical elements depends on the energy of the recoil nucleus. The DRAGON acceptance as a function of the recoil energy has been estimated by simulations using GEANT3. The results are shown in Fig. 2 . The simulation has been performed for two types of decay: a one-step decay to the 28 Si g.s. involving a high-energy γ ray and a two-step decay involving two cascade γ rays of equal energies. Calculations have been performed in the case of isotropic and E1 transitions. The response of the spectrometer is very different and highly sensitive to the γ -ray emission angle with respect to the beam axis, especially 28 Si recoils at the DRAGON focal plane as a function of the mistune E/E around the expected value E of the recoil energy. These calculations have been used for setting up the spectrometer. Results are shown for a decay involving a unique γ of 25 MeV emitted isotropically (orange squares) and following an E1 distribution (violet circles) and for a cascade of two γ rays of 12.5 MeV each, for an isotropic distribution (red diamonds) and following an E1 distribution (blue triangles).
for high-energy γ rays. As seen in Fig. 2 , the maximum of the acceptance curve is at E/E ∼ −2.5% for the two-step decay and at −7.5% and + 2.5% for the one-step decay. Since we were mainly interested in measuring the cascade involving intermediate-energy states, the main part of the measurement was performed at E/E = −2.5%. Results of the numerical simulations have been checked by measuring the transmission for different recoil energies close to the expected one. The maximum acceptance and transmission measured with the target was between −3% and −1%, in agreement with simulations.
D. Radiative capture selection
In order to select the RC channel, a gate has been set on the time of flight-E DSSSD spectrum. The time of flight (TOF) corresponds to the time between the first γ ray detected (γ trigger) in the BGO and a recoil nucleus detected in the DSSSD (recoil trigger).
This identification spectrum is very clean for the data at 8.5 MeV (see Fig. 3 ) and 8.8 MeV and the 28 Si region can easily be selected. At E c.m. = 9 MeV, a second component with energy around 11 MeV appears in the E rec spectrum (Fig. 4, top) , which is in coincidence with specific 24 Mg and 27 Al γ rays. It could come from a value of q/A common to 28 Si and 24 Mg or 28 Si and 27 Al. In order to minimize effects of this contamination, we have sharpened the selection around the 28 Si peak to maximize the γ rate ratio of E γ > 10 MeV on E γ < 10 MeV. As can be seen in Fig. 4 (bottom) , this ratio is a good discriminant since, unlike the RC, the γ rays associated with 24 Mg and 27 Al coming from fusion-evaporation channels do not have energies higher than 10 MeV. 
III. RESULTS

A. General behavior of the γ spectrum
After selection of the 28 Si, the γ spectra are given in Fig. 5 for the three bombarding energies of this experiment. The three spectra are characterized by a prominent bump at around 14 MeV. The width of this bump is approximately 5 MeV and corresponds to the feeding of at least three states around 11 MeV in 28 Si, slightly above the α threshold at 9.98 MeV. This bump is observed at the three bombarding energies and its intensity does not seem to be correlated with the previously observed resonances in RC decay to low-lying states of 28 Si [14, 17] . In the low-energy part of the spectrum we can see 28 Si peaks at 1.78 MeV (2 
B. Feeding of particular states
The γ peak around 7 MeV (see Fig. 5 ) is in coincidence with γ rays up to 18 MeV (Fig. 6 ) and only weakly with the 1.78-MeV transition. This led us to conclude that we measure there the feeding of the 3 − state at 6.88 MeV, which is known to decay mainly to the g.s. In a previous work, the direct feeding of states around 7 MeV has been observed by the detection of high-energy γ rays of 18 MeV [17] . This was interpreted by Collins et al. in terms of a decay via the 0 + and 2 + states (at 6.69 and ∼7.4 MeV) of the 28 Si prolate band. In the present study, the used experimental setup allowed us to access not only high-energy γ rays but also low-energy transitions (down to 1.5 MeV) and thus to show that the dominant feeding was of the 3 − state and not of the prolate 0 + and 2 + states. This 3 − state is the first negative-parity state in 28 Si and is the bandhead of the K π = 3 − band. Its quadrupole moment is |Q 0 | ∼ 67.5 e fm 2 and its main electromagnetic decay is an accelerated E3 transition to the g.s., with a reduced transition probability B(E3) of 20 W.u. These two characteristics indicate a deformed collective state, which in the literature is discussed in terms of prolate as well as oblate and octupole deformations [18] . At E c.m. = 9 MeV, as seen in Fig. 5 , a second component rises at the high-energy tail of the 7-MeV peak. It is in coincidence, as shown in Fig. 7 , with a γ ray of E γ ∼ 16 MeV and is centered at 7.3 MeV. This peak corresponds to the direct feeding of the 4 + state at 9.16 MeV, which is the third member of the known 28 Si prolate band. This band built on the 0 + 3 satet at 6.69 MeV has a quadrupole moment Q 0 ∼ 87.6e fm 2 and an axis ratio of 1.52. The energy of this state cannot be reproduced by 0hω shell-model calculations using the USDB interaction [20] . Multiparticle-hole excitations are probably needed to reproduce this state in terms of shell-model calculations. From the cluster point of view, states with energies close to those of the prolate band are expected with partial 12 C- 16 O structure, as mentioned in the first part of this article.
C. Angular distribution
The intensity of γ rays belonging to the bump at 14 MeV has been normalized by taking into account the response of the detector array to an isotropic distribution. This process enabled us to deduce the corresponding angular distribution. In this 12 C + 16 O experiment, both target and projectile have spin 0 + and thus the recoiling 28 Si nuclei produced at 0
• are aligned and the angular distribution only depends on electromagnetic transition characteristics. The measured angular distribution is presented in Fig. 8 and shows a clear indication of quadrupole (E2) electromagnetic transitions. 
IV. DISCUSSION AND INTERPRETATION
A. Decay scenarios: comparison to GEANT3 simulations
In order to discuss quantitatively the results, it is necessary to take into account how the experimental setup filters the data. As mentioned previously, the DRAGON acceptance and transmission of the recoil nuclei depend on the γ -decay path. It is thus necessary to unfold the effects of this bias on the γ spectra. To achieve this, we have used a GEANT3 code describing the complete DRAGON-BGO apparatus [21, 22] and have implemented properties of the recoil nuclei (A, E rec ) and of the γ decay of 28 Si * , i.e., full decay path and angular distribution of E 0 . All aspects of the geometry, the optical elements of DRAGON, and the γ detectors have been used to obtain the efficiency of the array for the acceptance and transmission of the recoil nuclei through DRAGON. The experimental resolution of the BGO detectors has been taken into account in the simulated spectra. Our experimental results will be compared with three plausible decay scenarios: a statistical one, a unique entrance spin one, and a cluster one. To allow direct comparison of simulated spectra and experimental data, the total numbers of counts have been normalized to the total numbers of counts in the experimental spectra.
Statistical decay
We have used a calculated entrance angular momentum (L) distribution as an input of a purely statistical decay. This distribution has been obtained via coupled-channel calculations [23] by taking into account two barriers extracted from a fit to previous fusion data [24, 25] . The results are presented in Fig. 9(a) at the three energies of the present study. The γ deexcitation for this scenario with no noticeable structure effect will be the basis for further comparison with other decay modes. The branching ratios to the bound or quasibound states of 28 Si [26] have been calculated using the mean electromagnetic transition strengths in the 28 Si mass region reported in the literature [27] by taking into account the self-conjugate character of 28 Si. The angular distribution of the primary decay has been taken into account and the secondary decay characteristics of the considered 69 28 Si bound or 034333-5 − states and that the statistical entrance spin distribution is mainly centered between L = 2 and 4 [see Fig. 9(a) ]. This indicates that larger spins than the main statistical ones are certainly needed in the entrance channel to reproduce the data. The second scenario refers to a unique entrance spin decay, meaning that we have considered a nonstatistical behavior instead of a spin distribution in the entrance channel. Such behavior is expected in the case of resonances in the 12 C + 16 O collision. In this scenario, the subsequent γ decay has been calculated as previously. Figure 10 (a) compares experimental data and simulation results for a unique entrance spin between 0 and 8h of natural parity. The best reproduction of the experimental data is found for spins 5
Unique entrance spin
− and 6 + , with a deep χ 2 minimum for a 6
+ entrance state at E c.m. = 9 MeV. To mimic a possible statistical background below the unique spin resonance, a fraction of the statistical decay of the precedent scenario has been introduced. We then compare experimental data and simulations with three parameters: the first is the percentage of statistical background; the second and third are the weights (in percent) of the 5 − and 6 + states, respectively, in the entrance channel. The results are presented in Figs. 10(b)-10(d) . At E c.m. = 8.5 MeV, good results are obtained for a 44%-56% mixing of 5 − and 6 + with a χ 2 /ndf ∼3.7. This should be compared to the value of 11.4 for the basic statistical scenario [see Fig. 9(b) ]. In the case of E c.m. = 8.8 MeV, the results are not as well reproduced [ Fig. 10(c) ] and the best χ 2 /ndf is 15.6 for a 84%-16% mixing, which is to be compared to χ 2 /ndf ∼ 24.1 for the statistical decay. Finally, a quasipure 6 + resonant behavior, i.e., a 8%-86% mixing, best describes the data at E c.m. = 9 MeV with χ 2 /ndf ∼ 5.6, to be compared to 37.2 for the statistical decay [see Fig. 9(d) ].
Cluster-type decay
The data at E c.m. = 9 MeV show a pronounced nonstatistical behavior, i.e., the feeding of the 4 + state of the prolate band and a clear unique spin J π = 6 + in the 034333-6 entrance channel of the reaction. If the physics behind this behavior consists of molecular states, not only should the spin distribution in the entrance channel be nonstatistical but so should the subsequent γ decay as well. To compare our data with a scenario fully based on a cluster model, we have introduced in the simulation the γ -decay scheme predicted by the semimicroscopic algebraic cluster model [28, 29] . In this calculation, the oblate g.s. band is described in terms of 24 Mg + α substructure, the known prolate band, as well as the resonant band in terms of 12 C + 16 O substructures. The relative strength of transitions between cluster bands has been calculated from the resonant to the prolate band. The transitions between the resonant and the g.s. band cannot be calculated in this way because they do not belong to the same configuration space. The decay characteristics of the intermediate cluster band, which corresponds to the known 28 Si prolate band, have been taken from the literature. As previously explained, a free parameter has been introduced in the calculation for the statistical background. The best result (χ 2 /ndf ∼ 9.16) is obtained with a statistical background of 41%. For a J π = 6 + resonance in the entrance channel, the corresponding spectrum is presented in Fig. 11 . The result for the cluster scenario is in better agreement with the data than a fully statistical scenario [χ 2 /ndf ∼ 37.2; see Fig. 9(d) ]. Nevertheless, the normal decay of a quasipure 6 + entrance state describes best the data [χ 2 /ndf ∼ 5.62; see Fig. 10(d) ]. As seen in Fig. 11 , the main differences between the data and the simulation are a lack of flux in the 2.78-MeV peak (4
) and an excess of flux to the 4 + 3 at 9.16 MeV, which gives rise to too intense a peak around 7 MeV. A better agreement would probably be obtained if a decay from the molecular band to the g.s. band could be incorporated in the cluster model. 
Cross section
The transmission of the recoil nuclei through DRAGON is an essential ingredient in the comparison of our RC data to simulated decay scenarios to deduce the spins involved in the process but also in extracting the RC cross sections at the three energies of the present study. These cross sections have been obtained by taking into account the 28 Si charge state distribution and in particular the intensity of the charge state q = 8 [30] . Results are summarized in Table I , which presents for each energy the proposed entrance spin, the RC cross section in previous work [14, 17] , and the total RC cross section that we have measured. In this table are also given the partial cross sections corresponding to different excitation energy (E * ) regions of 28 Si. Finally, the ratio of the measured RC cross section to the total fusion cross section [24, 25] is given in the last line of the table. The main errors on σ RC are due to the systematic uncertainties on the beam charge integration (∼10%), on the thickness of the target (∼10%), and on the transmission of the recoil nuclei (∼20%).
The total RC cross section measured in this experiment is typically seven times larger than previously measured [14, 17] due to the fact that in previous experiments the feeding of doorway states with E * between 9 and 10 MeV could not be measured. From the σ RC /σ F ratios given in Table I as a function of E c.m. , one sees that the capture cross sections show a stronger enhancement than the fusion cross sections. This enhancement as well as the unique entrance spin behavior and the selective feeding of the 4 + member of the prolate band favors an interpretation in terms of a nonstatistical process. To get a deeper insight into the reaction mechanisms and their interplay with molecular states, we have performed time-dependent Hartree-Fock (TDHF) calculations, which will be discussed in the next part. To try to better understand in a dynamical way the presence of resonances and the contribution of relatively large spins at energies close to the CB, we have performed TDHF calculations with a Skyrme interaction using the SLy4d parametrization [31] . The TDHF equation is solved at each time step by the TDHF3D code. The time and lattice steps are t = 1.5 × 10 −24 s and x = 0.8 fm, respectively (see Ref. [32] for more practical details).
We have first estimated the position of the CB by TDHF. To do this, the calculation was done at different bombarding energies to find the critical energy corresponding to the fusion of the two nuclei. A value of 7.8 < CB < 7.9 MeV was obtained, in agreement with the coupled-channel calculations mentioned before. In addition, we have also calculated the maximum mean angular momentum L which allows fusion at the bombarding energies of the present study. As an example, Fig. 12 shows the distance d 12 between 12 C and 16 O as a function of time for different L . Independently of L , the nuclei will come close to each other up to a time of 3.6 × 10 −21 s. After this time, the system fuses or scatters depending on L . Critical mean angular momentum L critical values corresponding to the fusion regime are 3.2, 3.9, and 4.4 for E c.m. = 8.5, 8.8, and 9 MeV, respectively. At these energies, the corresponding TDHF fusion cross sections are 151, 208, and 253 mb, respectively. This is in good agreement with the experimental fusion cross-section values, which are 171, 215, and 244 mb for E c.m. = 8.5, 8.8, and 9 MeV, respectively [22, 24, 25] . The L critical values are smaller than the dominant spins 5h and 6h measured at these energies. This indicates that these spins are populated by a direct transition toward resonant states of the compound nucleus. It is worth mentioning that the estimated grazing angular momentum L grazing values at our three bombarding energies, calculated semiclassically, are 3.9, 4.7, and 5.2, i.e., larger by L ∼ 0.8 than L critical , and also closer to the experimentally determined spin values.
In the fusion mechanism, the system spends some time in a dinuclear configuration, which presents some analogies with a molecular state. The excitation of the latter is then expected to increase with the lifetime of the dinuclear system. The definition chosen in TDHF for the existence of a dinucleus is the following: the nuclear density at the neck should be between 0.004 and 0.14 fm −3 , i.e., lower than the saturation density of 0.16 fm −3 . These nuclear densities correspond to distances between 12 L in Fig. 13 . Below L critical , this time increases with L because the fusion process is slowed down by the centrifugal repulsion. In contrast, for L greater than L critical , the fragments reseparate and the time of contact decreases for more peripheral collisions. With the present definition of the dinuclear system lifetime, we see that such a system exists at angular momenta of 5h and 6h. The corresponding lifetimes are shorter than the lifetimes of typical resonances at the CB, which are ∼2.6 ×10 −21 s [7, 8] . However, it may be sufficient to allow a direct excitation of a resonant or molecular state of the compound nucleus with a similar structure. In particular, we see that, for L = 5h and 6h (above the critical angular momenta), the lifetime increases with energy. Similarly, the probability for the population of a molecular state is also expected to increase. This may explain why the cross section for radiative capture increases with energy for these spins.
V. CONCLUSION AND PERSPECTIVES
For the first time, the complete decay of the RC reaction 12 C( 16 O,γ ) 28 Si and the relative strengths of all decay pathways have been measured at three energies close to the CB: E c.m. = 8.5, 8.8, and 9 MeV. The results obtained show in particular that 70% of the γ flux feeds quasibound states around 11 MeV in 28 Si * and that the 3 − (E * = 6.88 MeV) and 4 + (E * = 9.16 MeV) deformed states are selectively populated. The RC mechanism allows us to probe both the entrance channel by its overlap with the states of the composite nuclei and the nature of the states fed via electromagnetic transitions. In order to discuss the statistical versus the structural aspect of the entrance channel and of the γ decay, the data have been compared with three scenarios: a pure statistical one, a resonant one with a single entrance channel spin, and one based on a cluster description of 28 Si. For the three energies studied, a pure statistical behavior is clearly unable to describe the γ spectra recorded. In particular, higher spins (5h and 6h) are needed to reproduce the γ spectra. This nonstatistical behavior is stronger at E c.m. = 9 MeV and, in particular, the selective feeding of the 4 + state of the prolate band is a good indication of the occurrence of a γ transition between molecular bands. These higher spins are in good agreement with the fusion resonance work [7, 9] , where tentative spins of 4 + , 5 − , and 6 + are proposed in the energy range between 8.45 and 9.26 MeV, i.e., in a region covered in the present work. Comparisons with Monte Carlo simulations of the experimental setup and of the complete 28 Si decay scheme have allowed us to extract full RC cross sections which are much larger than those previously known due to the observation in our work of the feeding of "doorway" states. As seen in Table I , this feeding is much larger than that of the low-lying states. The RC cross sections range from 12 to 25 μb, greatly in excess of the usual values for such cross sections (∼500 nb [14] ) close to the CB. TDHF calculations have been performed to understand the role of angular momentum in the entrance channel and the formation of a dinucleus in the process. All these results in the 28 Si nuclei in which prolate, oblate, and octupolar shapes coexist at relatively low excitation energy point out how deformation influences the RC process. Unfortunately, a complete energy identification of the γ spectra is hampered by the poor resolution of the BGO scintillators. This has prevented us from further specifying the nature and number of states fed around 11 MeV in 28 Si. In a near future, this lack of resolution could be overcome with the development of a new kind of scintillator such as LaBr 3 . Numerical simulations for the future PARIS detector, based on this type of crystal [33] , show that the resolution and efficiency achieved [34, 35] will permit us to disentangle the different scenarios proposed in this work.
